A djacent-segment degeneration (ASD) is one of the negative sequelae associated with spinal fusion and has a high prevalence of 70% after 10 years.
Study Design. A model of disc degeneration adjacent to a lumbar fusion in osteoporotic rats. Objective. We determined the effect of alendronate (ALN) on the disc degeneration adjacent to a lumbar fusion in ovariectomized rats. Summary of Background Data. Adjacent-segment disc degeneration (ASDD) is one of the negative sequelae of spinal fusion. Previous studies have shown that ALN can alleviate disc degeneration. However, no data have been documented regarding the effect of ALN on ASDD after posterolateral lumbar fusion (PLF) in osteoporosis. Methods. 50 female Sprague-Dawley rats underwent either a sham operation (sham) (n = 20) or bilateral ovariectomy (OVX) (n = 30). 4 weeks later, all but 10 rats from each group underwent PLF consisting of an intertransverse process spinal fusion using autologous-iliac-bone grafts with spinous-process wire fi xation at the L4-L5 segment. Animals were subcutaneously administered vehicle (V) or ALN (70 μ g/kg/wk) for 12 weeks post-PLF as follows: Sham + V, Apart from its association with poor fusion rate and bone stability, 10 , 11 osteoporosis also adversely affects disc structure and loading patterns, which leads to an acceleration of the degenerative cascade. 6 , 7 The continual increase in the aged population has led to an increase in the number of lumbar degenerative disorders requiring fusion procedures in people with osteoporosis. In addition, there are specifi c challenges associated with reducing ASD or fusion failure in patients with osteoporotic. Therefore, appropriate strategies to limit ASD are needed. 3 Recently, total disc replacement, dynamic fi xation options, and other motion-sparing devices conceptualized as nonfusion techniques have been developed to prevent the development of ASD; however, there is a lack of sufficient evidence to determine their superiority for conventional lumbar fusions, which limits their application. 4 , 12 The use of pharmacotherapeutic strategies as an alternative candidate to modify ASDD progression has not been investigated.
Bisphosphonates, such as alendronate (ALN), are potent antiabsorptive agents used to treat osteoporosis. 13 A small number of reports have shown that ALN treatment had benefi cial effects on disc degeneration. 14 , 15 However, no data are currently available regarding the effect of ALN on ASDD after posterolateral lumbar fusion (PLF) in osteoporosis. Therefore, this study evaluated the infl uence of ALN on ASDD progression after PLF in ovariectomized (OVX) rats.
MATERIALS AND METHODS

Animals and Reagents
Fifty 3-month-old female Sprague-Dawley rats were obtained from the Peking University Animal Center (Beijing, China). These rats were housed at 20 ° C on a 12-h/12-h light/dark cycle with free access to water and food. All experimental procedures were approved by the institutional animal care and use committee.
The rats underwent either a bilateral ovariectomy or sham operation (Sham) under general anesthesia. 4 weeks later, all but 10 rats underwent PLF consisting of an intertransverse process fusion using an autologous-iliac-bone graft with spinous-process wire fi xation at L4-L5. Animals were subcutaneously administered vehicle (V) or ALN (Sigma-Aldrich, MO) 70 μ g/kg/week once a week for 12 weeks. All PLF animals were divided into 5 groups (n = 10) as follows: Sham + V, OVX + V, PLF + V, OVX + PLF + V, and OVX + PLF + ALN. The animals were killed 12 weeks after the PLF surgery. 
Manual Palpation
Immediately after radiography, the animals were killed and the L3-L6 segments of the spine were removed and dissected of muscle. The spines were manually manipulated as described by Abe et al 17 to detect any gross movement at the PLF level. This approach is considered to be the "gold standard" for detecting pseudoarticulation formation or stabilization of the fi xation. 18 After manual palpation, half of the specimens (n = 5) were used for histology, histomorphometric, immunohistochemical, and real-time polymerase chain reaction (PCR) analysis. The other half (n = 5) were frozen until subsequent micro-CT scanning.
Morphological Evaluation of the L5-L6 Intervertebral Disc
The L5-L6 spinal segment was immersed in 10% neutral buffered formalin, decalcifi ed for 3 months in EDTA-2Na, and split down the sagittal plane. Subsequently, the segment was embedded in paraffi n, cut into 5-μ m-thick sections, and stained with van Gieson stain. Images were captured using a microscope (BX53; Olympus, Tokyo, Japan). Degenerative changes in the L5-L6 segments were assessed using the disc degeneration assessment scoring system ( Table 2 ) 
Histomorphometric Assessment
Disc height measurements were obtained from the cranial growth plate to the caudal growth plate using the histological images. For each image, the height was determined by averaging 3 measurements from 3 areas of the disc, namely, the left side, center, and right side. 20 The thickness of the endplate was measured from the cranial growth plate to the border between the nucleus pulposus and the endplate based on the van Gieson staining. In each image, the endplate thickness was determined based on the average of 10 measurements. The ratio of the calcifi cation area to the total endplate area was also calculated. Parameters were measured using cellSens Dimension XV Image Processing software (Olympus, Tokyo, Japan).
Immunohistochemical Analysis
Immunohistochemistry for type I/II collagens, Aggrecan, MMP-13, and ADAMTS-4 was performed using an SA1024 SABC-POD kit (Boster, Wuhan, China) and a Kit-0017 DAB detection kit (Maxim, Fuzhou, China). Briefl y, 5-μ m-thick sections were deparaffi nized and rehydrated. Next, sections underwent antigen retrieval and inactivation of endogenous peroxidases prior to incubation with primary antibodies overnight at 4 ° C. Sections were washed and incubated with a biotinylated secondary antibody and a streptavidin biotin complex-peroxidase solution. The sections were then developed using the DAB kit and counterstained with hematoxylin. The integrated optical density (IOD) was measured in the images obtained from microscopy at 400 × magnifi cation (BX53; Olympus). The expression of each factor was semiquantitatively analyzed using Imaging Pro Plus 6.0 software (Media Cybernetics, Rockville, MD).
Real-time PCR Analysis
L3-L4 intervertebral disc mRNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). The RNA concentration and quality were assessed using a Quawell Q5000 spectrophotometer (Quawell, San Jose, CA). Reverse transcription PCR was performed using a Gene Amp 7700 Sequence Detection System (Applied Biosystems, Foster City, CA) and custom-designed, validated primers for Col1 α 1, Col2 α 1, Aggrecan, MMP-13, and ADAMTS-4 ( Table 3 ) . GAPDH was used as the housekeeping gene. Relative gene expression changes were reported using the 2(-Delta Delta C(T)) method as previously described. 21 The experiment was repeated in triplicate to ensure accuracy.
Micro-CT Testing
For micro-CT scanning, the samples were scanned using a SkyScan 1076 micro-CT (Aartselaar, Belgium) with a 36-μ mper-voxel resolution (100 kV, 100 μ A). Consistent with our previous study, 14 the volume of interest for the L6 vertebra was restricted to an inner cylinder of 1.5 mm in diameter and 3 mm in length (1-4 mm proximal to the growth plate) at the cephalad level and excluded the cortex. The 3-dimensional images and bone histomorphometric indices were calculated using the built-in software of the micro-CT machine. The bone mineral density (BMD), percent bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), and structural model index (SMI) were measured in the L6 spinal segment.
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Statistical Analysis
All data were analyzed using SPSS 13.0 software (SPSS, Chicago, IL) and are expressed as the mean ± standard deviation (SD). One-way analysis of variance and Fisher least signifi cant difference method were used to determine statistically signifi cant differences. The results of the histological and radiography scores were analyzed using the Kruskal-Wallis test. Differences with P less than 0.05 were considered statistically signifi cant.
RESULTS
Radiographical and Fusion Evaluation
As shown in Figure 1 , OVX + PLF + ALN animals showed a higher radiographical density and higher intervertebral space than the OVX + PLF + V group at adjacent levels; however, the OVX + PLF + ALN group showed no obvious changes in fusion compared with the OVX + PLF + V group. The radiography fusion scores were markedly lower in the OVX + PLF + V group than in the PLF + V group ( P < 0.05), but differences between the OVX + PLF + ALN and OVX + PLF + V groups were not signifi cant ( P > 0.05).
The manual palpation test revealed no detectable movement at the level of fusion in any of the rats that underwent PLF surgery.
Micro-CT Measurement
3D reconstructed micro-CT images are shown in Figure 2 . The micro-CT parameters showed that BMD, BV/TV, Tb.Th, and Tb.N were signifi cantly lower ( P < 0.05) and Tb.Sp and SMI were signifi cantly higher in the OVX + V and OVX + PLF + V groups compared with the Sham + V group ( P < 0.05). The OVX + PLF + ALN rats displayed a markedly higher BMD, BV/TV, TB.Th, and Tb.N ( P < 0.05) and lower Tb.Sp and SMI ( P < 0.05) compared with the OVX + PLF + V group ( Table 4 ) .
Histomorphology and Immunohistochemistry Analysis
In the Sham + V group, numerous notochord cells and a surrounding extracellular matrix in the nucleus pulposus were found. The outer annulus fi brosus was arranged in well-ordered rows. The endplate contained chondrocytes and was rich in hyaline cartilage. There was a marked loss of notochord cells in the OVX + V, PLF + V, and OVX + PLF + V groups. A portion of these cells had been replaced by chondrocyte-like cells distributed in clusters, and the surrounding matrix displayed mucinous degeneration. There were various degrees of derangement in the annulus fi brosus. The endplate seemed to have large areas of varying degrees of calcifi cation and contained many vascular buds. These degenerative changes were most obvious in the OVX + PLF + V group. The OVX + PLF + ALN group exhibited less severe pathological changes ( Figure 3 ) , which was confi rmed by the histology score of the disc ( Figure 4 ) . The OVX + V, PLF + V, and OVX + PLF + V groups showed signifi cantly higher scores compared with the Sham + V group ( P < 0.05), and the OVX + PLF + ALN group had markedly lower scores than the OVX + PLF + V group ( P < 0.05).
Chondrocyte-like cells metaplasia at the nucleus pulposus and disarrangement of annulus fi brosus were observed in the OVX + V, PLF + V, and OVX + PLF + V groups, accompanied by stronger immunostainings of type I collagen, MMP-13 and ADAMTS-4 and weaker immunostainings of Aggrecan and type II Collagen were observed in matrix compared with Sham + V group. The extent of the ASDD was signifi cantly increased by addition of OVX. However, OVX + PLF + ALN group showed less chondrocyte-like cells and more neatly arranged annulus fi brosus ( Figures 5 and 6 ) , with stronger immunostainings of Aggrecan and type II collagen as well as weaker immunostainings of type I collagen, MMP-13, and ADAMTS-4 in matrix than that in the OVX + PLF + V group, as confi rmed by analysis of IOD value ( Table 5 ) .
Morphological Parameters
Disc height was signifi cantly lower in the OVX + V, PLF + V, and OVX + PLF + V groups than the Sham + V group ( P < 0.05). The endplate thickness and relative area of endplate calcifi cation were signifi cantly higher in the OVX + PLF + V group compared with the Sham + V group ( P < 0.05). The OVX + PLF + ALN group showed a marked increase in disc height ( P < 0.05), whereas the endplate thickness and relative area of endplate calcifi cation were decreased compared with those in the OVX + PLF + V group ( P < 0.05) ( Figure 7 ).
Real-time PCR
The OVX + V, PLF + V, and OVX + PLF + V groups showed lower Col2 α 1 and Aggrecan mRNA levels and higher Col1 α 1, MMP-13, and ADAMTS-4 mRNA levels compared with the Sham + V group ( P < 0.05). Col2 α 1 and Aggrecan mRNA expression was signifi cantly increased in the OVX + PLF + ALN group compared with the OVX + PLF + V group ( P < 0.05). Additionally, Col1 α 1, MMP-13, and ADAMTS-4 expression was lower in the OVX + PLF + ALN group than the OVX + PLF + V group ( P < 0.05) ( Figure 8 ).
DISCUSSION
The present study provides data on ALN as a pharmacotherapeutic strategy to modify ASDD caused by PLF in OVX rats. After 12 weeks of ALN administration, the pathological process of disc degeneration at adjacent levels in OVX + PLF + V rats was delayed, and the molecular metabolic balance in the disc was maintained. In addition, ALN improved the properties of adjacent vertebrae and endplates, which benefi ts spine integrity and adjacent disc function. To our knowledge, this is the fi rst study to determine the effect of ALN on ASDD in OVX rats.
It has long been debated whether bisphosphonates are benefi cial or detrimental to spinal fusion and fi xation due to negative effects of bone remodeling in osteoporosis. 23 , 24 However, some researchers have reported no adverse effects of ALN on fusion.
23 , 25 Nagahama et al 25 found that ALN increased fusion rates and recommended that patients with osteoporosis undergoing spinal fusion take bisphosphonates throughout the postoperative period. Accordingly, we found that ALN did not exert adverse effects on PLF fusion based on a manual palpation test and radiological analysis. These data indicate that the antiresorptive properties of ALN do not signifi cantly impair fusion in our model. The reason for this result remains unclear, but Nagahama et al 25 suggested that ALN may provide favorable mechanical circumstances beyond its detrimental biological effect on the healing process of lumbar fusion.
The etiology of ASDD is controversial. 4 , 26 Numerous studies attribute ASDD to increased movement and stress at the adjacent segment, 2 , 3 which subsequently causes regression of apoptosis of the nucleus pulposus and loss of the normal arrangement of collagen bundles. 27 Osteoporosis or postmenopause are signifi cant risk factors for ASDD. 26 , 28 In addition, estrogen defi ciency can affect the endocrine and metabolic environment of the disc and endplate, 29 , 30 thus contributing to pronounced degeneration. Numerous studies on ASDD development in animals have used various lumbar fusion models. 31 , 32 To our knowledge, no studies have examined ASDD with a combination of lumbar fusion and OVX models. In this study, we used a conventional OVX model, which is a well-recognized and validated model of bone loss that closely resembles osteoporosis observed in postmenopausal females, [33] [34] [35] to simulate osteoporosis, 14 and we confi rmed that OVX exacerbates ASDD at 12 weeks after PLF in this rat model.
Polikeit et al 8 reported that all spinal components form an interlinked functional spinal unit (FSU), which is a 3-joint complex consisting of the endplate-disc-endplate joint of the anterior column and the 2 facet joints of the posterior column, and degeneration at 1part of this unit increases the risk of degeneration at other adjacent segments. 36 Osteoporosis, aging, or postmenopause can accelerate ASDD progression by disrupting the structure and function of spinal components. 28 , 37 Osteoporosis, characterized by reduced BMD, weakens vertebrae quality and frequently results in lumbar vertebral fracture or fusion failure, 38 , 39 which is greatly unfavorable in ASDD. 28 Although the elevation of 40 the relationship between BMD and disc degeneration remains debatable. [41] [42] [43] Recently, a study by Neogi et al 15 and our previous study 14 demonstrated that ALN can prevent disc degeneration when used in a postmenopausal setting. These data suggest that ALN can be used as a potential agent against disc degeneration. Our previous study 14 revealed that ALN had positive effects on disc degeneration that were associated with the improvement of multiple vertebral properties, including BMD and microstructure. In this study, bone loss and the microstructure deterioration of vertebrae were observed in the OVX + V and OVX + PLF + V rats using micro-CT; however, both the BMD and microarchitecture in adjacent vertebrae were signifi cantly improved, with an increased disc height in OVX + PLF + ALN rats compared with the OVX + PLF + V group. These fi ndings indicate that ALN may have protected against ASDD by improving vertebral quality.
The function of the endplate is to disperse loading stress and maintain a normal loading distribution on the adjacent vertebrae, and its structural and functional integrity depends primarily on the stability of adjacent vertebrae. 44 Abnormal loading can damage the endplate 45 and lead to an increase in the calcifi cation area, which affects nutritional and metabolic pathways 46 and further aggravates disc degeneration. The most common endplate defect is the Schmorl's node, 47 which is associated with severe disc degeneration 48 and commonly found in osteoporotic females for 60 years of age. 49 Therefore, the endplate plays an important role in the development of ASDD. In the present study, we assessed the L5-L6 cartilage endplate adjacent to the L4-L5 fusion level and found a marked increase in endplate thickness and the rate of calcifi cation in the OVX + PLF + V rats. These data suggest that the combination of OVX and PLF exacerbates ASDD. In contrast, OVX + PLF + ALN rats showed a decreased endplate thickness and calcifi cation rate. These results indicate that the ALN treatment was benefi cial to the maintenance of the structure and function of adjacent intervertebral discs by improving endplate properties.
The extracellular matrix of the intervertebral disc is mainly composed of a fi brillar collagen network that offers tensile strength and an aggregation of proteoglycans that resists compressive forces. 50 Abnormal stress can lead to extracellular matrix changes of the disc. 27 , 51 In addition, endplate calcifi cation affects the metabolism of the extracellular matrix. 52 MMP-13 can degrade type I/II collagens and Aggrecan; however, ADAMTS-4 can only degrade Aggrecan. These specifi c enzymes are the most common MMPs and ADAMTSs. 53 Furthermore, some studies showed that ALN directly inhibits the cellular secretion of MMPs 54 and ADAMTSs 55 in vitro . In our study, stronger immunostainings of type I collagen, MMP-13 and ADAMTS-4 and weaker immunostainings of Aggrecan and type II collagen were observed in OVX + PLF + V group compared with Sham + V group, and both chondrocyte-like cells metaplasia and disarrangement of annulus fi brosus were pronounced in the OVX + PLF + V group. However, these changes were effectively attenuated by ALN treatment both at the protein and mRNA levels. These data may explain the
➢ Key Points
Osteoporosis exacerbates the adjacent-segment disc degeneration induced by posterolateral lumbar fusion in an ovariectomized rat model. Alendronate is a novel pharmacotherapeutic strategy that eff ectively suppresses the progression of adjacent-segment disc degeneration without producing obvious adverse eff ects on the lumbar posterolateral fusion in ovariectomized rats. Alendronate shows positive eff ects on both lumbar vertebrae and endplate characteristics, aiding in the suppression of the development of adjacent-segment disc degeneration. Alendronate maintains the molecular metabolic balance of the disc matrix, aiding in the attenuation of adjacent-segment disc degeneration. molecular mechanism behind the effectiveness of ALN in preventing ASDD in OVX + PLF rats.
This study showed that ALN attenuates PLF-induced ASDD progression in an osteoporotic rat model by maintaining the structural integrity and function of the adjacent vertebrae and endplates and preventing metabolic changes in the extracellular matrix of the adjacent disc. Based on the considerable discrepancies between species, further comprehensive investigations should be conducted prior to the clinical application of ALN.
